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ABSTRACT To address the limitation of traditional surprise boxes that only support single or fixed
quantity customization, this paper proposed a new method: utilizing comparators to detect cascaded
quantities for specific customization. This innovative approach aims to simplify the customization process of
surprise boxes while avoiding the complexity of using micro-controllers for quantity determination. A dual
comparator is employed to compare the results that are greater or smaller than the set quantity. Then the
output of the dual comparator is connected to an AND gate circuit, triggering the hidden function of the
central surprise box when the AND gate generates high levels. The system design involves setting the number
of surprise boxes and connecting upper and lower limit comparators to the current surprise box connection
signal. By selecting the size of the cascade resistor, the number of surprise boxes can be determined. This
paper provides step-by-step instructions for calculating the cascade resistor. Furthermore, the proposed
method’s reliability in determining the number of surprise boxes is demonstrated by setting the number
of secondary surprise boxes to seven and four, with the allowed resistance error 6.4% and 11%, respectively.
The results indicate that a higher number of connected surprise boxes leads to a smaller range of cascaded
resistors and higher accuracy requirements. Through these case studies, it has been verified that the design
using dual comparators can achieve the desired quantity detection, and the detection circuit exhibits a high

degree of redundancy in resistance value error, resulting in increased reliability of the detection results.

INDEX TERMS Comparer, quantity judgment, voltage comparison, series connection.

I. INTRODUCTION

Surprise box is a cultural product that only knows what is
inside when opened, and its attraction lies in the uncertainty
and randomness of its design. Traditional surprise boxes often
focus on their appearance design, and there is no correlation
between each surprise box. Each surprise box is collected
separately, and a complete set of works can only be judged
based on its appearance [1], [2].

With the continuous improvement of technology, higher
requirements for the commemorative significance of tradi-
tional surprise boxes are required [3], [4]. The application of
high-tech technology to surprise box will determine the new
trend and prospects of surprise box development. The cultural
demand for surprise boxes is no longer limited to the viewing
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of individual boxes. Due to the lack of electronic circuits,
traditional surprise boxes cannot adapt to personal demand.
The design of modular electronic surprise boxes can make
up for the lack of personalized customization of surprise
boxes, meet the personal and personalized needs of the
public, and achieve the dual requirements of functionality and
commemorative significance [5], [6].

Customized gifts for small or folk groups must have
ornamental and commemorated significance [7]. Based
on the principle of small and exquisite customized gifts,
when designing surprise boxes, it is necessary to consider
the different number of surprise box combinations and
production cost requirements [8].

At present, determining the quantity of surprise box
connections is usually done by hanging the device on the data
bus or directly reading the high and low levels of whether
the external device is online using a microcontroller [9]. The
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data bus makes the system complex and has manufacturing
costs, while employing micro-controllers does not have
personalized customization requirements. Therefore, the
circuit design of the attached device is intricate [10], [11].

The simplified comparison circuit is designed to address
the issue of quantity measurement [12]. The comparison
counting method naturally has encryption properties, enhanc-
ing its security [13], [14]. A comparator is a circuit used
to compare voltages and provide comparison results [15],
[16]. Combining multiple comparators can be schemed
for quantity determination and integrated to reduce power
consumption [17], [18]. The idea of making judgments
through comparison is also applied in image-based item
recognition [19]. The quantity of items can be determined
by connecting items in series and further designing a
comparator circuit [20]. At the same time, there are other
similar algorithms that utilize iterative optimization or fuzzy
matching through controllers, which can provide inspiration
[21], [22].

The existing methods for determining the quantity of
surprise box connections involve either hanging the device on
the data bus or using micro-controllers to read the high and
low levels of the external device. However, these approaches
have drawbacks such as complexity, high manufacturing
costs, and lack of personalized customization. On the other
hand, the simplified comparison circuit provides a solution to
the quantity measurement issue. This method not only sim-
plifies the circuit design but also enhances security through
its inherent encryption properties. By combining multiple
comparators, the power consumption can be reduced, making
it a more efficient approach for quantity determination. The
concept of comparison-based judgments is also applicable
in other domains, such as image-based item recognition.
By connecting items in series and designing a comparator
circuit, the quantity of items can be accurately determined.
These findings highlight the need for a novel approach that
effectively addresses the gaps in the existing literature and
provides a more efficient and secure solution for quantity
determination in surprise box connections.

This article provides a method and structure based on
operational amplifier design, which can reduce the overall
complexity. The paper proposes a cascading method for the
number of surprise boxes with personalized customization,
which can reduce overall complexity and have a simple struc-
ture. It provides a cascading design method and supporting
structural design based on two comparators.

Il. QUANTITY DETERMINATION SYSTEM

A. MECHANICAL STRUCTURE DESIGN

The entire system is equipped with one center surprise box,
and several sub-surprise boxes can be designed according
to customized needs, with a quantity of N. Resistors of
the same resistance are employed in the system, which
brings two benefits. Firstly, different batches of surprise
boxes are combined to support customization. Under the
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FIGURE 2. Surprise box cascading.

matched resistance, the internal circuit operates. Conversely,
the internal circuit does not work with the mismatched
resistance values. Secondly, it can reduce the complexity of
production and assembly.

The center surprise box and the sub-surprise box are
connected in a cascade manner, and the structural design
jointly includes the bottom box, contact frame, support
platform, guide hole, parallel resistor, and sub-components,
as Figure 1 shows. The center surprise box is designed with
a central controller, and the sub-surprise box is designed
with a sub-controller. The running program of the two can
be the same or different. However, the hidden function
program of the sub-controller does not have triggering
conditions. Therefore, its hidden function will not trigger. The
sub-surprise box also has contact plates for cascading. There
are two contact pieces and support platforms, both of which
are symmetrically designed and fixed at the bottom of the
bottom box. The two ends of the parallel resistor are fixedly
connected to the symmetrically designed contact frame. The
distance between the centers of the two contact pieces is equal
to the distance between the centers of the two guide holes.
The support platform material is non-conductive to avoid
introducing additional resistance. At the same time, the outer
side of the contact piece can be designed as an inclined plane,
the prone mouth as an inverted trapezoid, the contact frame
as a willing long strip, the shackle as a regular trapezoid, and
the materials are all metal. Therefore, the contact piece can
centertain good contact with the contact frame.

To distinguish the center surprise box from the sub-surprise
box in appearance, the center surprise box removes the
contact film, while only the sub-surprise box has the contact
film. The effect of cascading four surprise boxes is shown in
Figure 2.

The center and sub-controllers contain a power supply
unit, buttons, a music playback unit, and an LED. The

44923



IEEE Access

Y. Yang et al.: New Method for Surprise Box Quantity Determination Based on Comparer

above modules are connected to the controller through wires.
In addition, the center controller also includes a voltage
comparison unit.

The voltage comparison unit detects the number of
connected sub-surprise boxes. If the number of sub-surprise
boxes exceeds the setting number, the hidden functions in the
center surprise box will not be turned on. The method used
is a lower limit comparator and an upper limit comparator
to detect whether the number of connected sub-surprise
boxes is greater than or less than the setting number N. The
comparison results are sent to the AND gate circuit. Only
the two comparators generate high levels. Then, the AND
gate generates high levels, the hidden function of the center
surprise box is triggered, such as lighting up the LED of the
center surprise box.

After the sub-surprise box is connected, it causes a change
in the judgment resistance inside the center surprise box,
and the judgment resistance value varies depending on the
number of connections. Different batches of resistors with
significant differences in resistance values can be selected
during manufacturing to determine whether they are the
same group of surprise boxes based on internal resistance
values. As the resistance is the primary factor in determining
the number of surprise boxes and the key to distinguishing
different groups of surprise boxes, the resistance value has
become the focus in the surprise box design.

B. COMPARISON CIRCUIT DESIGN FOR

QUANTITY JUDGMENT

The basic idea of using operational amplifiers to form a
circuit for quantity judgment is to compare the input voltage
with the reference voltage. The greater the number of surprise
box changes, the stronger the system’s anti-interference
ability and the more stable its operation.

The voltage comparison unit detects the number of
sub-surprise boxes connected, and its circuit design is shown
in Figure 3. The voltage comparison unit includes a lower
limit comparator, an upper limit comparator, an AND gate
circuit, and resistors R1, R2, R3, R4, R5, R11, R15, R16,
R17, and R18. The resistance value of resistor R11 is the
same as that of a parallel resistor. Resistor R1 is connected
to the power source and the parallel resistor R11. Resistor R2
is connected to the power source and the series resistor R3
before grounding. The other side of resistor R3 is connected
to the positive end of the lower limit comparator, and the
negative end of the lower limit comparator is simultaneously
connected to the point where resistor R1 and resistor R11 are
connected in series with the positive end of the upper limit
comparator. Resistor R16 is connected to the power supply,
and the negative connection of the upper limit comparator is
grounded through resistor R17. The lower limit comparator
and upper limit comparator are connected to the power supply
through resistor R4 and resistor R18. Connect the resistors
R5 and R15 in series to the two input terminals of the AND
gate. The output terminal of the AND gate is connected to
the center controller through a circuit, and the AND gate
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FIGURE 3. Circuit diagram of voltage comparison unit.

outputs a high-level signal to trigger the surprise box to
enter the combined working mode. Turn on the color LED
lighting mode, and the AND gate output is low. The surprise
box operates independently, and the color LED recenters off.
Adjust the resistance values of resistors R3 and R17 to ensure
that the number of connected sub-surprise boxes equals the
set value and that the gate generates a high level.

The customization function of surprise boxes is centered
and achieved through the design of R3. Calculate the
resistance range of R3 based on the preset number N of
the sub-surprise boxes. Since N is an integer and the power
supply voltage is set to VCC, the calculation steps for the
resistance value of resistor R3 are as follows:

Step 1: Calculate the negative terminal voltage of the lower
limit comparator when parallel N sub surprise boxes are
connected

Rii/ (N +1)
Von =V 1
2 =Vee g T N T T R, (H
Step 2: Calculate the negative terminal voltage of the lower
limit comparator when parallel N-1 sub surprise boxes are

connected

Von-1= VCCR“—/N) 2
T Ri1/N + Ry
Step 3: According to the lower limit comparator, the
positive terminal voltage meets the conditions

Vi > V1
Vi <V 3
o Rs 3)
3T ree R34+ Ry
Further calculations have shown that
Ry xR
Ry > 2 11
Ri(N +1) )
Ry % Ry
Ry < ——
RN
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Step 4: Calculate the value range of R3 and take R3 as the
middle value of the range.

Step 5: Calculate the upper limit comparator positive
terminal voltage when one center surprise box is connected
in parallel with N sub surprise boxes

Rii/(N+1)

\% =V, 5
sv=Vee R TN F D+ Ry ©)

Step 6: Calculate the upper limit comparator positive
terminal voltage when one center surprise box is connected
in parallel with N+1 sub surprise boxes

Rii/(N+2)

V. =V 6
5 N+1 CCRU/(N T LR (6)

Step 7: According to the upper limit, the negative terminal
voltage of the comparator meets the conditions

V() > V52
Ve < Vs (7
Ry7
Vo =Veer——F—
R17+Ri6
Therefore, we have
Ri6 * Ry1
Ry7 —_—
R{(N +2) ®
Ri6 * R
RN +1)

Step 8, calculate the value range of R17 and take R17 as
the middle value of the range.

When cascading surprise boxes, the contact piece of the
sub-surprise box is connected to the contact frame of the
center surprise box, and the parallel resistor is connected to
the center surprise box. The contact piece of the sub-surprise
box is attached to the contact frame of the primary sub-
surprise box. When the center surprise box is connected
in parallel with N sub-surprise boxes, the lower limit
comparator generates a high level. While the number of
parallel connections is less than N, the lower limit comparator
generates a low level. At the same time, when the center
surprise box is connected in parallel with N sub-surprise
boxes, the upper limit comparator generates a high level.
When the number of parallel connections exceeds N, the
upper limit comparator generates a low level. Only when
the generates of the lower limit comparator and the upper
limit comparator are both high levels can the outcome of
the AND gate be high. Therefore, by outputting the high
and low levels of the AND gate, the center surprise box
can determine whether the number of connected sub-surprise
boxes is exactly N; when the number of corresponding
sub-surprise boxes is precisely equal to the set value N,
the center surprise box enables the LED flashing function.
Otherwise, the LED flashing function is turned off, and the
center surprise box cannot trigger the hidden process.

The combination surprise box customization method
formed is simple, and it only needs to adjust the resistance
to achieve the function of triggering LED flashing by
connecting different numbers of sub-surprise boxes, which
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FIGURE 4. Four sub surprise boxes.

is of commemorative significance. Users can customize one
center surprise box and one to N sub surprise box. Based
on the number of customized sub-surprise boxes, resistor
R3, and resistor R17 resistance values can be calculated and
adjusted. Each surprise box can independently play music,
achieving the function of a standard surprise box. However,
when the set number of surprise boxes are connected, the
unique process of lighting LED can be activated, which
further increases the significance of the commemoration and
the exceptional value as a gift.

IIl. PRACTICAL DESIGN CASES

The feasibility of the proposed method is demonstrated
by designing different numbers of sub-surprise boxes and
providing specific calculation processes.

Scenarios for customizing surprise boxes include univer-
sity students customizing graduation souvenirs for dormitory
mates, small teams of individuals with shared interests for
anniversary gifts, and family mementos. It is preferable to
have a customization quantity ranging from 2 to 9. Therefore,
our examples choose the midpoint of these quantities, and the
analysis and calculation methods remain the same for other
values.

A. THE NUMBER OF SUB SURPRISE BOXES IS FOUR

When customizing four sub-surprise boxes for detachable
surprise boxes, the key point is to calculate and adjust
the certified resistance resistance R3 and R17. The number
of connected sub-surprise boxes equals four, and the gate
outputs a high level. The steps are as follows: The first
step is selecting the commonly used comparator, such as
LM393. As R3 and R17 are the focus of the design, and
their calculation basis is provided in the following steps, the
other resistance values are as follows: Ry = Ry = Rig =
100022, R4 = Rig = 300Q2,Rs = R;5s = 1002, Ry =
R12 = R13 = R14 = 20002, The power supply is Vcc = SV.
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In the case of connecting four sub-surprise boxes in series,
the negative terminal of the lower limit comparator, i.e., the

second pin voltage of the ULA chip, is
Ry1/4 500
__Rud Vec=——— %5(V) = 1.67(V)
Ri1/4+ Ry 500 + 1000

&)

The second step is to calculate the voltage of the negative
terminal of the lower limit comparator, i.e., the second pin of
the U1A chip, when two sub-surprise boxes are connected in
series.

Vaon

N Ri1/3+ Ry

666.7

666.7 + 1000 * 2V =2(V)

(10)

The third step is to satisfy the following conditions for the
value of R3:

Vs > 1.67(V)
V3 < 2(V) (11)
R, = 10002
Further calculations have shown that
R 12
3 > 50 (] 2)
R3 < 667Q2

Step 4, take the middle value of the range, with R3 as 600<2.
In the case where the resistance value is set to the intermediate
value, the permissible resistance error can be allowed to
be about 11%. Therefore, the lower limit comparator only
outputs a high level when 3 or more sub surprise boxes are
connected in parallel;

Step 5, calculate the positive terminal voltage of the upper
limit comparator U1B when four sub surprise boxes are
connected in series, V5 y = 1.67(V).

Step 6, calculate the positive terminal voltage of the upper
limit comparator U1B when four sub surprise boxes are
connected in series, Vs y1 = 1.428(V).

Step 7, calculate the resistance value of R17. The value of
R17 needs to meet the voltage of the sixth pin of the upper
limit comparator

Ve > 1.428(V)

Vo < 1.67(V) (13)
Rig = 10002
Further calculations have shown that
R 399.82
17 > (14)
Ri7 <5012

Step 8, take the middle value of this range, with R17 as
4502, so the upper limit comparator can only output high
levels when 3 or less sub surprise boxes are connected in
parallel. In the case where the resistance value is set to the
intermediate value, the permissible resistance error can be
allowed to be about 11%.
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FIGURE 5. Seven sub surprise boxes.

The specific method for connecting surprise boxes is to
align the contact pieces of any sub-surprise box with the
guide hole of the center surprise box and insert them into
contact with the contact frame of the center surprise box.
According to this method, align the recentering sub-surprise
box contact pieces with the guide hole of the previous sub-
surprise box, insert them into contact with the contact frame
of the sub-surprise box, and complete the connection of
four sub-surprise boxes in sequence. Write a program for
the center controller to detect the output level status of the
AND gate in real-time. When a high-level signal is detected,
it enters the combined working mode, a hidden function,
and illuminates the color LED lighting. Otherwise, when the
AND gate outputs a low level, the surprise box will be in
independent working mode, and the color LED will recenter
off.

B. THE NUMBER OF SUB SURPRISE BOXES IS SEVEN
Customize the detachable surprise box as one center and
seven sub-surprise boxes. Similarly, it is necessary to
calculate and adjust the resistance values of the certified
resistors R3 and R17. Therefore, the gate outputs a high level
when the number of connected sub-surprise boxes equals
seven, as figure 5 shows. The specific steps are:

Step 1, select LM393 as the comparator model. Except
for R3 and R17, the other resistance values are: Ry =
R, = Rig = 10002,R4y = Rig = 300Q2,R5s = Ri5 =
1002,R11 = Ri2 = Ri3 = Ry = Rg = R = Rg =
R9 = 200012,

In the case of connecting seven sub surprise boxes in series,
the voltage at the negative end of the lower limit comparator,
the second pin of the U1A chip, is

R11/8 250

_ M = — 20 sy =1V
RS+ R * V= 35041000 2V =1

Van
(15)
Step 2: In the case where one center surprise box is

connected in parallel with seven sub surprise boxes, the
voltage at the negative end of the lower limit comparator, the
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second pin of the U1A chip, is
Ri1/7

Ru/7T+ Ry
285.7

= 285.7 + 1000

Step 3: The conditions that need to be met based on the value
of R3 are

Van-1= * Vee

*5(V)=111(V)  (16)

V3 > 1(V)
V3 < 1.11(V) (17
R, = 100092
Further calculations have shown that
R 250Q2
> (18)
R; < 285Q

Step 4, taking the middle value of the range and selecting
R3 as 265%2, then the lower limit comparator only outputs
a high level when seven or more sub surprise boxes are
connected in parallel. In the case where the resistance value is
set to the intermediate value, the permissible resistance error
can be allowed to be about 6.7%. When the number of parallel
sub surprise boxes is six or less, the lower limit comparator
outputs a low level;

Step 5: When one center surprise box is connected in
parallel with seven sub surprise boxes, the upper limit
comparator U1B’s positive terminal voltage, V5 y = 1(V).

Step 6: When one center surprise box is connected in
parallel with seven sub surprise boxes, the upper limit
comparator UIB’s positive terminal voltage, Vsnyi1 =
0.909(V).

Step 7, therefore, the value of R17 needs to be such that
the negative terminal of the upper limit comparator U1B, the
voltage of the sixth pin in upper limit comparator, meets

Ve > 0.909(V)

Vo < 1(V) (19)
Rig = 100092
Further calculations have shown that
R 222Q
17 > (20)
Ri7 < 2502

Step 8, take the middle value of the range, with R17
as 235%2. In the case where the resistance value is set to
the intermediate value, the permissible resistance error can
be allowed to be about 6.4%. Therefore, the lower limit
comparator only outputs a high level when seven or less sub
surprise boxes are connected in parallel. When the number
of parallel surprise boxes is 8 or more, the upper limit
comparator outputs a low level.

Similarly, the lighting function designed to turn on colored
LED is a hidden function, which can only be turned on when
the center surprise box and seven sub-surprise boxes are all
assembled. The serial connection method for surprise boxes
is to first align the contact piece of any sub-surprise box

VOLUME 12, 2024

with the guide hole of the center surprise box and insert it
to make contact with the contact frame of the center surprise
box, and then follow this method, Align the contact plates
of the recentering sub surprise boxes with the guide holes of
the previous sub surprise box and insert them into the contact
frame of the sub surprise box, completing the connection of
seven sub surprise boxes in sequence. The center controller
will detect the output level status of the AND gate connected
to them in real time. When a high-level signal is detected,
it will enter the combined working mode and turn on the color
LED lighting mode. Otherwise, if the output level of the AND
gate is low, the surprise box will be in independent working
mode, and the colored LED recenters off.

C. DESIGN EXAMPLE SUMMARY

By comparing the above two design examples, it is found that
in theory, the number of sub-surprise boxes can be expanded
to an infinite number. However, the more sub-surprise boxes
there are, the smaller the allowable range of resistance
fluctuations for feature resistors, necessitating the selection of
high-precision resistors, which will increase manufacturing
costs. Additionally, constrained by the limitations of available
high-precision resistors in reality, there is a maximum
accuracy limit. Therefore, in practical design, it is not feasible
to have an infinite number of sub-surprise boxes.

The official documentation states that the LM393 has a
typical processing speed of 1.3us, including the processing
time of the comparator itself, which is approximately 0.05us.
This means that the LM393 can provide a comparison result
within 1.4us from a change in quantity. In comparison,
a typical interrupt handling time for a single-core 51 micro-
controller ranges from tens to hundreds of microseconds, and
this is under light load conditions. It’s worth noting that the
LM393’s speed is equivalent to a data bus with a response
speed of around 10M, but implementing such a high-speed
bus would significantly increase the system cost.

IV. CONCLUSION

This article proposes a combined surprise box quantity deter-
mination circuit and structural design based on a comparator,
instead of micro-controllers. The main contributions of this
study can be summarized as follows:

(1) Design of a customizable surprise box structure:
We introduce a surprise box structure that allows for a
customizable number of surprise boxes, which can be
cascaded without limitations. This design is simple, reliable,
and offers a straightforward connection method.

(2) Calculation steps for resistance value determination:
We provide specific calculation steps for determining the
resistance value of surprise boxes when the number of
surprise boxes is being determined. These steps ensure
accurate and precise resistance value selection.

(3) Feasibility verification and implementation cases:
We present specific implementation cases to validate the
feasibility of the proposed method. Through these cases,
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we

demonstrate the practicality and effectiveness of our

approach.

In conclusion, this study offers a novel approach to address
the limitations of traditional surprise boxes. The proposed
combined circuit and structural design provide customization
options, accurate resistance value determination, and reliable
performance. These findings pave the way for future research
and advancements in surprise box technology.
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